Four new iron(II) complexes [Fe(H 2 Bpz 2 ) 2 (L)] have been prepared (pz = pyrazolyl), where L is dipyrido[3,2-f:2',3'-h]quinoxaline (dpq), dipyrido[3,2-a:2'3'-c]phenazine (dppz), dipyrido [3,2-a:2'3'-c] with weaker contacts between individual molecules. Many of the structures also contain channels of disordered solvent, running between the molecular stacks. Despite their different stacking motifs, all these compounds exhibit very gradual thermal spin-crossover (SCO) on cooling, which occur over different temperature ranges but are otherwise quite similar in form. Weak thermal hysteresis in one of these spin equilibria can be attributed to the effects of a change in bipyridyl ligand conformation in the molecular stacks around 150 K, which was observed crystallographically. These results demonstrate that strong mechanical coupling between molecules in a crystal is not sufficient to engineer cooperative SCO switching, if other regions of the lattice are less densely packed.
Introduction
Au(111) or other surfaces has led to the observation of SCO in nm thin films, [14] [15] [16] [17] and the imaging of individual molecules in different spin states. 14 Other groups have also prepared SCOactive derivatives of 1 and 2, containing bipyridyl ligands with radical or photoactive pendant groups. 18 We describe here four new analogues of 1 and 2 containing annelated bipyridyl ligands, (6,7,8,9-tetrahydro) phenazine [dppc], 6). Molecules in 3-6 have potential to interdigitate in the solid state via their extended aromatic bipyridyl substituents, so they are a promising testbed to determine the effect of that interdigitation on SCO behavior.
Chart 1 Compounds referred to in this work.

Synthesis of [Fe(H 2 Bpz 2 ) 2 (dppz)] (4).
Method as for 3, using dppz (0.12 g, 0.44 mmol), which yielded a violet precipitate of 4. Yield 0.15 g, 65 %. Recrystallization from dichloromethane/pentane afforded a mixture of products, including crystals of uncoordinated dppz which are described in the Supporting Information, and a powder whose microanalysis was consistent with the monohydrate of the complex. Elemental analysis for C 30 
Single crystal X-ray structure determinations
All diffraction data were collected with an Agilent Supernova dual-source diffractometer using monochromated Mo-K radiation ( = 0.71073 Å), except for 5 and 6·(C 3 H 7 ) 2 O where monochromated Cu-K radiation ( = 1.54184 Å) was employed. Experimental details of structure determinations of each compound at 100 K are given in Table 1 . Comparable data at other temperatures are available in the Supporting Information. All the variable temperature crystallographic studies employed the same crystal of each complex at all temperatures. The structures were solved by direct methods (SHELXS97 23 ), and developed by full least-squares 
X-ray structure refinements. Unless otherwise stated, all fully occupied non-H atoms were refined anisotropically, and H atoms were placed in calculated positions and refined using a riding model.
The asymmetric unit of 3·2dpq contains half a molecule of the complex, with Fe(1) lying on a two-fold rotation axis, and a whole molecule of dpq in a general crystallographic position. A full variable temperature study of this crystal between 100-300 K was carried out. In contrast, the asymmetric unit of 3·0.5dpq contains two unique molecules of the complex and one molecule of dpq, all on general crystallographic positions. This structure was only determined at 100 K, since it remains in the high-spin state at that temperature. Crystals of 3·2C Crystals of 6·(C 3 H 7 ) 2 O were weakly diffracting, and a refinement could only be achieved at 100 K. The asymmetric unit contains half a complex molecule, with Fe(1) lying on a two-fold rotation axis. There are also square channels of ca. ether (58 electrons per molecule), the two solvents used to grow these crystals. Since the microanalysis was more consistent with the presence of di-isopropyl ether, one equiv of that solvent was added to the formula for the density and F(000) calculations.
Other measurements
Magnetic susceptibility measurements were performed with freshly isolated, unground polycrystalline samples, using a Quantum Design SQUID/VSM magnetometer in an applied field of 5000 G and a temperature ramp of 5 Kmin −1 . Diamagnetic corrections for the samples were estimated from Pascal's constants; 28 a previously measured diamagnetic correction for the sample holder was also applied to the data. The same samples were then recovered and used for the thermogravimetric analyses, which employed a TA Instruments TGA Q50 analyser with a temperature ramp of 10 Kmin −1 under a stream of nitrogen gas. Hence the TGA analyses should accurately reflect the compositions of the samples used for the magnetic susceptibility measurements. Elemental microanalyses were performed by the University of Leeds School of Chemistry microanalytical service, again using the same samples of the compounds. The samples were exposed to air for longer during the microanalysis determinations than for the TGA measurements, which may account for discrepancies between the solvent content implied by the two techniques. X-ray powder diffraction patterns were measured from ground polycrystalline samples, using a Bruker D2 Phaser diffractometer.
Results
Following the method reported for 1 and 2, 11 All these crystals contain the expected six-coordinate complex molecules (Figure 1 afford cis-N-Fe-N angles close to the ideal value of 90°in both spin states. 5 The variation in V Oh with temperature in 3·2dpq and 4·1.5C 7 H 8 ( Fig. 2) closely mirrors the thermal dependence of the spin-equilibrium in bulk samples of those materials, as determined from magnetic susceptibility data (Fig. 2) . interactions between two identical arenes. 30 The distances between bipyridyl and toluene nearest neighbors are harder to quantify because of the solvent disorder, but are slightly longer at 3.5-3.7
Å. The horizontal offset in these stacks increases in the order 3·2C 7 H 8 < 4·1.5C 7 H 8 < 5·1.5C 7 H 8 ·0.5C 6 H 14 < 5. following the length of the heterocyclic ligands. All three toluene solvates also contain channels of solvent, either toluene or a toluene/hexane mix, running parallel to the molecular stacks ( Figure 5 and the Supporting Information).
Although reasonably ordered at 100 K, the channel contents become disordered as the temperature is raised. The increased disorder in the in-stack and in-channel solvent accounts for the lower quality of diffraction from these crystals at higher temperatures. The walls of the channels are formed predominantly from the pyrazolylborate ligands, implying that those are in less rigid, more open lattice environments than the bipyridyl ligands in the molecular stacks.
That is important to the following discussion of the spin state properties of the compounds. (Figure 3 ). In contrast, 3·0.5dpq contains linear stacks with an AACAAC arrangement. Intra-stack C−H… contacts between the free dpq, and pyrazolyl groups on the adjacent complex molecules, cause significant distortions to the structure of the complex which may account for the stabilization of the high-spin state in this material down to 100 K (Supporting Information).
The exception to the above discussion is 6·(C 3 H 7 ) 2 O, whose complex molecules are stacked about a crystallographic 4 1 axis. Adjacent, overlapping dppc ligands are separated by 3.587 (19) Å, implying only a weak − interaction between them. 30 The stacks form the corners of square pores running parallel to the c axis, of approximate dimensions 8.3 x 8.3 Å (Figure 6 ). The pores are filled with ca. 1 mole equiv of disordered solvent according to SQUEEZE, 27 which is probably di-isopropyl ether from microanalysis of the bulk material.
Elemental microanalysis and TGA measurements were performed on the same samples used for the magnetic measurements described below. These analytical data from the toluene solvates imply that a fraction of their lattice solvent is readily lost or replaced by lattice water, which presumably corresponds to the contents of the channels in the crystal lattices. Between 0.75-1.5 equiv of toluene are retained by the solvates of 3-5 under ambient conditions, however. Hence the less accessible toluene molecules within the molecular stacks appear to remain in the materials upon exposure to air, so the stacked structures may retain their integrity. Bulk samples of the free ligand co-crystallate 3·ndpq analyse consistently with n ≈ 1, implying that they contain a mixture of both 3·2dpq and 3·0.5dpq. That suggestion was supported by X-ray powder diffraction, and is also consistent with the magnetic susceptibility data described below. The magnetic susceptibility data from 5·C 7 H 8 ·0.5H 2 O show an unusual, narrow thermal hysteresis at the low-spin side of its SCO transition ( Figure 7) . A possible explanation for this is provided by the crystalline solvate 5·1.5C 7 H 8 ·0.5C 6 H 14 , which undergoes a significant structural rearrangement within the stacks between 140-180 K ( Figure 9 ). This rearrangement is not coupled to SCO, since the crystalline complex is low-spin at all these temperatures. Rather, it involves a displacement of Fe(1) by 0.28 Å along the direction of the stacks, accompanied by a change in conformation in the dppn ligand from an S-shape at 100 K to a more planar structure at 22 substantially increased disorder in the toluene molecule at the higher temperatures. We attribute this behavior to a symmetry-related pair of C−H… contacts spanning the toluene binding pocket, which are positioned to impose the S-shaped ligand conformation on the lowtemperature structure (Figure 9 ). This geometry of C−H… interaction is only present in 5·1.5C 7 H 8 ·0.5C 6 H 14 , because of the extra length of the dppn ligand compared to dpq in 3 or dppz in 4 (Figures 3 and 4) , and a similar structural rearrangement could give rise to the SCO hysteresis in the bulk material derived from this crystal phase. The stabilization of the high-spin state in toluene-free 5 is harder to explain but may relate to the absence of solvent channels between the molecular stacks in that material, leading to a more crowded environment about the 
Conclusion
This work has improved our understanding of the crystal engineering of cooperative SCO materials with interdigitated switching centers. 5, 10 It has shown that interdigitation of SCO molecules is not enough, on its own, to engineer a cooperative spin-transition into a molecular material if other regions of the crystal are less densely packed (such as channels of disordered solvent). In that case the structural changes during SCO may occur preferentially in the less rigid regions of the lattice, so any cooperativity promoted by strong interactions between interlocked
